Recombination activating gene-2 (RAG-2) plays a crucial role in the development of lymphocytes by mediating recombination of T cell receptors and immunoglobulins, and loss of RAG-2 causes severe combined immunodeficiency (SCID) in humans. Rag-2 knockout mice created using homologous recombination in ES cells have served as a valuable immunodeficient platform, but concerns have persisted on the specificity of Rag-2-related phenotypes in these animals due to the limitations associated with the genome engineering method used. To precisely investigate the function of Rag-2, we recently established a new Rag-2 knockout FVB mouse line (Rag-2
genes composed of a variable (V), a diversity (D), and a joining (J) gene segment, which are selected and rearranged from groups of the individual gene segments through the process called V(D)J recombination [2] .
Recombination activating gene-2 (RAG-2), encoded by the RAG-2 gene, is one of the components mediating the V(D)J recombination in the early development stage of T and B cells [2, 3] . During the recombination process, RAG-2 forms a complex with its partner RAG-1, stabilizing and extending interaction of Rag-1 with the recombination signal sequence which exists adjacent to each V, D, and J segment for correct cleavage of the genes [4] [5] [6] [7] . Clinically, people carrying mutations in RAG-2 or RAG-1, show Omenn syndrome, an autosomal recessive disease characterized by severe combined immune deficiency (SCID) with autoimmune-like symptoms, demonstrating the essential role of RAG-2 in immune response [8] .
As a model for the disease, Rag-2 knockout (KO) mouse line was initially generated in 1992 by introducing a PMC1neo cassette in the Rag-2 exon of embryonic stem (ES) cells using homologous recombination [9] . These mice exhibit SCID phenotypes such as depletion of mature T and B lymphocytes with hypoplastic thymus [9] , and therefore have been widely used as an immunodeficient model in diverse fields of research such as etiology of human immune-related disease and xenotransplantation [10] .
As exemplified in the Rag-2 KO models, genome engineering using homologous recombination in ES cells has been extensively utilized in generating mouse disease models. Despite its usefulness, however, the conventional method has disadvantages such as high cost and laborious and time-consuming process for establishment of models [11] . In many cases, insertion of a short DNA fragment like neomycin resistance genes as used in the Rag-2 KO mice was adopted for disruption of target genes or selection of successfully gene-edited ES clones, which has been reported with adverse impacts on the manifestation of target gene-associated phenotypes [12, 13] . Inevitably, these findings have raised concerns on whether the phenotypes of the animals previously generated using such method are specifically related to the targeted genes.
Genome engineering technology has been significantly advanced since the initial introduction of homologous recombination in ES cells. Among the techniques developed to date, CRISPR/Cas9 provides a rapid and site-specific genome editing without using foreign DNA fragments, efficiently overcoming the limitations of the ES cell-based conventional method [14] . For introduction of modification in genome, CRISPR/Cas9 employs a RNA-guided DNA endonuclease enzyme Cas9 and a single strand guide RNA; Cas9 creates a double-strand DNA break at the specific site directed by the guide RNA which is downstream of a protospacer adjacent motif (PAM) sequence (e.g., 5'-NGG-3' for Streptococcus pyogenes Cas9) [15] [16] [17] . Depending on the presence of repair templates, modification of the targeted genomic site is achieved by non-homologous end joining (NHEJ) or homology-directed repair (HR) when the cellular system repairs the DNA breaks. In addition, CRISPR/ Cas9 is generally applied to fertilized eggs with a higher successful rate, significantly reducing the duration to establishment of animal models. With these advantages, CRISPR/Cas9 has rapidly gained popularity among researchers, used in generation of most in vivo disease models recently reported in literature [15, [18] [19] [20] .
Previously, we generated a new Rag-2 KO mouse model using the CRISPR/Cas9 system at Center for Mouse Models of Human Disease (CMHD) (FVB/NRag2 em1Hwl /Korl; Rag-2 −/− hereafter) and reported immunodeficiency as their major phenotype [21] . In this study, we further characterized their phenotypes by examining histopathological changes in lymphoid organs with monitoring main physiological parameters for 26 weeks, and here report hypoplasitc changes in the lymphoid organs which correlates with severe lymphopenia caused by Rag-2 deficiency.
Materials and Methods

Animals
Rag-2 −/− FVB mice generated using the CRISPR/Cas9 system [21] were used in this study. Rag-2 −/− mice were born from Rag-2 +/-parents and used for phenotypic analysis with their wild-type (WT) littermates as a control group. All mice were genotyped 2 weeks after birth using a PCR with specific primers (forward; 5'-CTCCCAGAACTTCAGGATGGGCT-3' and reverse; 5'-AGTCAGGAGTCTCCATCT-CACTGA-3'). Animals of a gender and genotype were housed in a transparent cage under the standard conditions (12 h light/dark cycle, 22±2 o C temperature, 40-60% humidity) in a AAALAC International accredited SPF facility (#001169) at Seoul National University Hospital. During the study, they were given free access to food (LabDiet 5002 Certified Rodent Diet, PMI Nutrition International, USA) and sterilized water. All experiments were approved by the Institutional Animal Care and Use Committee in Seoul National University Hospital and animals were maintained in accordance with Guide for the Care and Use of Laboratory Animals (8 th edition, NRC, 2010).
Measurement of main physiological parameters
We started monitoring main physiological parameters of Rag-2 −/− and WT littermates when they were 4 weeks of age, and terminated at 26 weeks. During this period, animals were daily observed for clinical signs with body weight, food and water consumption measured once a week. Food and water consumption per animal was calculated by using the amount of consumed rodent diet and water per cage during 24 hours. The procedures were carefully carried out during the light cycle with minimal disturbance to animals.
Hematology, serum biochemistry and urinalysis
At the end of 26 weeks, all animals were weighed and sacrificed for hematological and histopathological examination. After induction of deep anesthesia using isoflurane, whole blood was collected from the abdominal vein. 250 μL of blood was collected in K 2 EDTA contained tube (BD Microtainer) and analyzed in an ADVIA 2120i (Siemens Healthcare, Tarrytown, NY, USA) for total and differential counting of white blood cells (WBCs) and red blood cells (RBCs), platelets and as well as determination of hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration.
Serum biochemistry was performed using 250 μL of serum in a Hitachi 7070 (Hitachi, Tokyo, Japan) for measurement of blood urea nitrogen, total cholesterol, total protein, aspartate transaminase, alkaline phosphatase, alanine transaminase, albumin, creatinine, triglyceride, glucose, albumin/globulin ratio, potassium, chloride, sodium and phosphorus.
Urine collected from each mice was applied to a urine stick (Multistick 10 SG, Siemens) and analyzed for leukocytes, nitrogen, urobilinogen, protein, pH, blood, specific gravity, ketone, bilirubin and glucose using an automatic urinalysis machine (CLINITEK advantus analyzer, Siemens).
Histopathological analysis
At necropsy, macroscopic examination was carried out on all major organs with recording of any pathological changes. Briefly, each organ was carefully excised after individual weight measurement. Among the organs, testis and epididymis were fixed in Bouin's solution, while Harderian glands and eyes were preserved in Davidson solution. All other organs were fixed in 10% neutral buffered formalin. Fixed organs were embedded in paraffin wax after dehydration in graded ethanol and clearing in xylene, sectioned 4-6 μm thick and stained with hematoxylin and eosin (H&E). Microscopic changes were carefully assessed under a bright-field microscope (BX61, Olympus) with images taken using a DP70 camera (Olympus). Regarding the regions with abnormal changes, images were further analyzed using an Image J software (ver.1.50i, NIH) to quantify the size and number of lesions in the tissue.
Flow cytometry
Spleen, bone marrow and thymus were isolated from age-matched 26 week-old WT and Rag-2 −/− mice for flow cytometric analysis. The organs were homogenized by passing through 40 μm cell strainer (SPL Life Science). After removing RBC from the isolated cells using a RBC lysis buffer (Invitrogen, USA) and cell counting, 1×10
7 cells were stained with the following antibodies (all antibodies except for anti-NK1.1 (eBioscience, USA) were from BD Bioscience, USA and 1:200 used for all antibodies); V450-anti-CD3ε (500A2) and either FITC-anti-CD4 (RM4-5) or BV605-anti-CD8a (53-6.7) for T cells, V450-anti-IgM (R6-60.2) and PerCP-anti-B220 (RA3-6B2) for B cells, and anti-CD3ε and APC-anti-NK1.1 (PK136;) for NK cells. 20,000 cells were analyzed using a FACSCalibur (BD biosciences). In flow cytometry, cells were selected based on forward and side scatter properties after gating for singlets and each lymphocyte population was gated using fluorescence intensity of the aforementioned antibodies against cell surface markers. Unstained cells were used to set appropriate negative gates by determining the background fluorescence levels, and single stained cells were used as a control to remove spectral overlap between different fluorophores.
Statistical analysis
All values are expressed as mean±standard deviation (SD). Statistical analysis was performed using two-tailed t-test in a SPSS software version 22.0 (SPSS Inc., Chicago, IL, USA). P value less than 0.05 was considered as statistically significant.
Results
Rag-2 −/− mice developed normally with typical main physiological parameters
Previously, we generated a Rag-2 −/− FVB mouse line by introducing a deletion of 22 base pairs in exon 3 using a CRISPR/Cas9 system which creates a premature termination codon [21] . These mice showed immunodeficient phenotypes with lack of mature T and B cell population in the spleen and thymus. To further characterize the phenotype of these mice, we analyzed histopathological changes in the lymphoid organs with concurrent examination of circulating WBC with monitoring their development, behavior and main physiological parameters from birth to adulthood. There was no noticeable difference in the number of Rag-2 −/− male and female mice at birth (male; n=77, female n=82) and the ratio of mice with Rag-2 KO alleles and WT littermates (Rag-2
=1:2.2:0.9), suggesting no effect of Rag-2 KO on gender determination and the Mendelian inheritance pattern of the mutation. Like their WT littermates, Rag-2 −/− mice showed normal development and behavior from birth through weaning and puberty to adulthood (data not shown). During 26 weeks, body weight gain (Figure 1 ), food and water consumption (data not shown) of Rag-2 −/− mice was comparable to their WT littermates. These findings indicate that loss of Rag-2 have no impact on the physiological development.
Spleen and thymus of Rag-2 −/− mice were significantly reduced in size and weight
We sacrificed all animals at 26 weeks of age and performed necropsy. Among the major organs examined, male (n=7; dark gray bar) and female (n=8; white bar) mice compared to their respective WT littermates (n=8; black bar for WT male and n=7; light gray bar for WT female). ***P<0.001. both spleens (Figure 2A ) and thymuses ( Figure 3A ) of Rag-2 −/− mice were remarkably smaller than those of WT mice. When calculated, relative organ weight was found to be significantly decreased for the spleens ( Figure 2B and Table 1 ; P<0.001) and thymuses ( Figure 3B and Table 1 ; P<0.001) in both Rag-2 −/− male and female mice compared to their respective gender-matching WT littermates. Notably, no Rag-2-related changes in actual and relative weight were observed in all the other organs of Rag-2 −/− mice ( Table 1) . Histopathological analysis of the lymphoid organs in Rag-2 −/− mice Lymphoid organs including spleen, thymus, lymph nodes and bone marrow were fixed and processed for microscopic examination. H&E staining revealed that when compared to WT littermates ( Figure 4A ), the white pulp in the spleens of Rag-2 −/− mice was significantly diminished ( Figure 4B, 4C) , while the red pulp was seemingly unchanged. At cellular levels, a remarkable decrease of lymphocytes from the spleens of Rag-2 −/− mice was noticed ( Figure 4D-4F) . Quantification of the area occupied by the white and red pulp confirmed our visual findings; with the values for WT set at 100%, the area of Rag-2 −/− splenic white pulp was only 8.5% (P<0.001), while that of the red pulp was 115.3% ( Figure 4G ). Interestingly, megakaryocytes were more frequently observed in the spleens of Rag-2 −/− mice. In thymuses, low-powered photomicrographs showed that in comparison with the normal structure of the cortex and medulla in WT (Figure 5A ), the cortex in 
Rag-2
−/− mice completely disappeared, leaving the medulla only in the thymus ( Figure 5B, 5C ). Higher magnification uncovered that loss of lymphocytes is the cause of such difference in the thymus between WT ( Figure 5D ) and Rag-2 −/− ( Figure 5E , 5F). Similarly, the lymphoid follicles in the axillary ( Figure 6A-6C ) and mesenteric lymph nodes ( Figure 6D -6F) were hardly observed in Rag-2 −/− mice due to significant reduction of lymphocytes as shown in the mesenteric lymph nodes ( Figure 6G-6I ). Unlike these changes, bone marrow of Rag-2 −/− mice appeared normal without noticeable changes in gross and microscopic examinations (data not shown).
The composition of WBC in peripheral blood was altered in Rag-2 −/− mice Reduction of lymphocytes in the lymphoid organs may decrease circulating lymphocytes in the blood and impact on the populations of other leukocytes. To determine the effect of Rag-2 KO on blood WBC profiles, we performed differential counting of WBC acquired from the peripheral blood. Total number of WBC was significantly decreased in both Rag-2 −/− male and female mice compared with WT ( Figure 7A; P<0.001 for both). A detailed profiling of each type of WBC revealed that lymphocytes were significantly decreased in both genders of Rag-2 −/− mice ( Figure 7B ; P<0.001 for both), while no other types of WBC showed a meaningful change except for mild but significant reduction observed in the count of neutrophils and basophils in Rag-2 −/− male mice, indicating that the specific reduction of lymphocytes is responsible for leukocytopenia in the blood. Contrary to these findings, platelet counts were markedly increased ( Figure 7E ; P<0.001). No changes were observed in the number of reticulocytes ( Figure 7F ), indicating normal erythropoiesis. In addition, all parameters measured in serum chemistry and urinalysis were comparable between WT and Rag-2 −/− mice (data not shown).
Loss of mature T and B cells with increased NK cells in lymphoid organs of Rag-2 −/− mice Our findings in histopathological and hematological analyses suggested profound reduction of lymphocytes due to the loss of Rag-2. To investigate the changes of individual lymphocyte populations in details, we performed flow cytometry on the cells isolated from the lymphoid organs (Figure 8 ). Our analysis revealed a Figure 8C ) and 11 folds in the thymus ( Figure  8G ) compared to WT.
Discussion
CRISPR/Cas9 has become a popular genome editing technology for generating disease model animals by overcoming several limits of the conventional methods. Using this system, we recently established a new Rag-2 −/− mouse line which manifested immunodeficiency as the major phenotype. In this study, we histopathologically characterized the immunophenotype of 26-week-old Rag-2 −/− mice. Our data show structural alteration in the spleen, thymus and lymph nodes with the concurrent changes in the peripheral blood of Rag-2 −/− mice due to systematic loss of mature T and B cells.
Knockout of Rag-2 using the CRISPR/Cas9 system did not seem to affect the normal development and aging of FVB mice; Beyond the 8 weeks of normal development we previously reported [21] , our Rag-2 −/− mice did not show any noticeable difference from WT littermates in all the parameters measured here up to 26 weeks.
Among the organs examined at necropsy, spleen and thymus were found to be the most affected, consistent with our previous findings [21] ; gross examination revealed that their size and weight in Rag-2 −/− mice were markedly reduced in comparison to WT littermates. Unlike the original Rag-2 KO mice generated by the conventional ES cell-based system which showed similarly smaller thymuses with a normal range of spleens [9] , our Rag-2 −/− mice had decreased sizes of both organs, demonstrating them as a histopathologcially improved model system.
Previously, loss of Rag-2 was shown to block T and B cell differentiation by impairing the V(D)J recombination, depleting mature lymphocytes [9] . In line with these findings, we found a significant reduction of lymphocytes on histopathologcial examination of the lymphoid organs, which revealed severe atrophy of the splenic white pulp as well as the thymic cortex. Furthermore, axillary and mesenteric lymph nodes also showed rudimentary primary and secondary follicles, confirming the structural alteration due to lymphopenia. Consistently, our data from flow cytometry showed a complete loss of CD3e +
CD4
+ helper and CD3e + CD8 + cytotoxic T cells from the spleen and thymus as well as mature B cells from the spleen and bone marrow. In addition, ablation of Rag-2 also effectively reduced peripheral lymphocytes from the blood, leaving neutrophils as the major type of WBC. Notably, there was no noticeable change in the number of granulocytes in the peripheral blood except for incidental decrease of neutrophils and basophils observed in Rag-2 −/− male mice, negating compensatory proliferation of other WBC populations. These results, together with the previous reports on the original Rag-2 KO mice as well as our previous findings [21] , confirmed the SCID phenotype of our Rag-2 −/− mice. Despite the loss of mature T and B cells from the spleens and thymuses of Rag-2 −/− mice, NK cells in these organs were upregulated as demonstrated in Figure 8 , consistent with the previous reports [21] . Furthermore, we also found that megakaryocytes were increased in the spleens of Rag-2 −/− mice as shown in Figure 4 , but not in the bone marrow (data not shown), collectively suggesting activation of a compensatory mechanism for lack of functional T and B cells. The higher levels of lymphocytes and platelets than the normal ranges in Rag-2 −/− mice were likely caused by an increased influx from the lymphoid organs into the blood stream as part of the compensatory changes. Although it is likely NK cells that contributed to maintaining the levels of lymphocytes in the blood of Rag-2 −/− mice, whether NK cells are the sole cause or other cells such as immature lymphocytes also concomitantly responsible still remains unclear. Also, understanding the roles of these NK cells and platelets in the immune response of Rag-2 −/− mice is of great interest. Further investigation may be required to elucidate the composition of residual lymphocytes in peripheral blood as well as the function of the elevated levels of NK cells and platelets in Rag-2 −/− mice. In this study, we investigated histopathological changes in the lymphoid organs of a new Rag-2 −/− FVB mouse line which was generated using the CRISPR/ Cas9 system. Our results in the study indicate that our mice have a SCID phenotype with severe lymphopenia accompanying microstructural changes in the relevant lymphoid organs due to systemic depletion of mature T and B cells, while developing normally up to 26 weeks without Rag-2 related issues. Although similar phenotypes have been reported in the original Rag-2 KO mice, our mice are a better model for Rag-2 deficiency due to the following reasons; unlike the original KO, our mice 1) do not carry a Neo cassette and therefore facilitate manifestation of the phenotype purely related to loss of Rag-2, and 2) have histopathological alternations in both thymus and spleen which are consistent with the loss of mature T cells in these organs as well as peripheral blood. Taken together, our findings demonstrate the usefulness of our Rag-2 −/− mice, providing them as an improved model for RAG-2-related human diseases and research into its function.
